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Abstract-An accurate and effective segmentation technique
is the basis of the ideal dynamic heart modeling. In this paper,
a novel multistage approach is proposed to perform the
segmentation for the heart modeling and its multistage
segmentation procedure orderly consists of four stages:
Morphological Recursive Erosion (MRE); Fast Marching (FM);
3D Morphological Reconstruction (MR) and Morphological
Recursive Dilation (MRD). To prove its accuracy and
effectiveness, the approach is tested on 3 CT datasets of beating
heats with each set containing ten individual volumes
throughout a cardiac cycle. In order to validate the
segmentation results, a novel RalOdial Distance Based
Validation (RDBV) method is also presented in this paper that
provide the Global Accuracy (GA) measure to evaluate the
segmentation accuracy. GA is calculated based on a Local
Radial Distance Error (LRDE), which is along the radii
emitted from the points along the skeleton of the object, to
accommodate the complicated cardiac structure. The RDBYV is
improved in the universality and ability to reflect significant
local errors in global accuracy function. The average accuracy
of the proposed segmentation approach using the RDBV is
0.783.

I. INTRODUCTION

The physical characterization of the deformation of the
whole heart volume is the fundamental step toward
understanding the physiology of normal heart and the effects
of cardiovascular disease. Besides, the deformation can
provide rudiments of the surgical simulation of the heart [1].
Thus, the dynamic heat modeling that simulates the heart
deformation is essential in the cardiac research and clinical
application.

Segmentation technique plays an essential role in the
heart modeling and affects the quantity of the modeling
quality significantly.

Several segmentation algorithms on the heart can be
found in the literatures. The Snake [2], introduced by Kass
et al, provides a general model-based solution to the
segmentation problem. As most common model-based
methods, Level Set [3] methods solve region breaking and
merging problems with an additional dimension. Watershed
[4] and Morphological Reconstruction (MR) [5] are two
main region-based methods and both derived from
mathematical morphology. Since region-based methods are
operated in each pixel, they are usually accurate, but limited
in effectiveness.
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Besides, many other novel model-based algorithms
were proposed, such as [6][7]. However, most of them are
focused only on extracting the left or right ventricular from
cardiac image.

In this paper, we propose a multistage segmentation
approach that integrates both the advantages of model-based
methods and region-based methods to deal with the whole
heart body.

In the segmentation research, validation is an essential
part. Several validation methods had been proposed, such as
Similarity Index (SI) [8], Relative Difference Degree (RDD)
and Relative Overlap Degree (ROD) [9], et. al. However,
Validation of segmentation methods is still an open question.
There are still several challenges. This paper presents a
novel radial distance based validation (RDBV) method that
can evaluate the segmentation of all kinds of complicated
structures including the heart. Its advantages over standard
techniques such as SI are its universality and ability to
reflect significant local errors in global accuracy function.

The rest of this paper is organized as follows: in section
II, we introduce the multistage segmentation for dynamic
heart modeling; section III describes the framework of the
novel validation method -- RDBV; then we focus on the
design of target function employed in RDBV in section IV;
experimental results are give in section V.

II. MULTISTAGE SEGMENTAION ON HEARTS

A. Fast Marching and MR

The Fast Marching (FM) [10] algorithm is a special case
of the level Set segmentation method. While the sign of the
speed function in general in level set approaches can be both
positive and negative, that in the FM algorithm does not
change. This property makes it faster. Since the FM is based
on a deforming front model, the propagating front line is
designed to keep smooth during the deformation. If the
object boundary is not smooth, the method can hardly match
it perfectly, as shown in Fig.1 (a).

(2) ®)
Fig. 1. Comparing the segmentation features of Fast Matching (a)
with MR (b), where the black lines represent the object edge and the
highlighted lines depict the segmented lines.
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Fig. 2. Calculation of LRDE. (a) is the origin data of heart; (b) is the
skeleton of (a) computed by distance mapping method; (c) shows the
radial construction and (d) represents the computation of Local radial

distance error (LRDE), where Certain radial / intersects with S
(dotted curve) and G (real curve) resulting the intersection points q
and p, respectively. d denotes the LRDE along /.

MR is a typical approach to extract seeded regions
employing morphological operations. Since it is operated in
individual pixels, MR can easily fit into the small sharp
regions along the edge of ROI, as shown in Fig.1. (b).
However, MR is time consuming to recover ROI from a
user-defined initial seed.

Based on the main ideas of FM and MR described
above, a novel multistage segmentation method is proposed.

B. Multistage Segmentation Strategy

This idea of the multistage segmentation can be
implemented in four steps:

1) Reduce the connectivity between region of heart
and the neighboring tissues. Recursively erode the input 3D
heat image using a structuring element base (e.g. a sphere
with 1 pixel radius) until the heart is completely separated
from the neighboring tissues, as determined by the operator.

2) Perform FM segmentation. After connectivity
reducing, the FM method is employed to initially propagate
the user-defined seed to a position close to the boundary of
heart and it performs rapidly.

3) Implement 3D MR. Taking the output of the
improved FM as its seed, MR algorithm is employed to
refine the seed to the a further result.

4) Recover the lost data elements from the first stage.
During the recursive erosion in stage 1, part of the object is
also often eliminated. To recover these lost components, the
recursive dilation method is employed. The reconstructed
heart surface is dilated recursively using the same number of
iterations N as recorded in the first stage, which results in
the recovery of the heart surface to the “original” position.

Employing the output of the improved FM as the initial
seed, the MR process is much faster and remains its
accuracy. Thus, we can make full use of the fast speed of the
improved FM and the accuracy of the MR.

III. VALIDATION

A. Calculation of LRDE

As described in I, an ideal validation is still challenging.
Besides the lack of acceptable gold standards, universality
and robustness are the two main challenges:

1) Universality: Because of the complicated structure
of the heart and its blood vessels, many exited validation
methods are not fit for it. A more universal validation is
needed.

2) Robustness: The more accurate the segmentation is,
the better measure the validation method should result in.
we will discuss it in section IV in detail.

In order to meet these two challenges, we propose a
novel radial distance based validation (RDBV) method
where the radii are extended from the points along the
skeleton of the heart.

Several skeleton algorithms can be found in the
literature. In this paper, we employ distance-mapping [11]
method to extract the skeleton of the heart, shown in Fig.2
(b). Then, we construct the radii that extended from points
along the skeleton.

Suppose that ¢ is a point along the skeleton and P is the
plane perpendicular to the skeleton in point ¢ . Then, we
construct sufficient equi-spaced radii in plane P. as shown in
Fig.2 (c). Each radial line intersects the surfaces of the
segmented region S and the corresponding ground truth
image G. Taking one of the radial lines / for example, the
intersection points are q and p, respectively (see Fig.2 (d)).
d = cq — cp is defined as the local radial distance error

(LRDE) in the direction of /. Thereby, all the LRDE
measures of the radii extended from ¢ are calculated.

In the same way described above, all LRDE measures
of radii extended form all points along the skeleton of the
heart can be calculated easily.

In addition, due to the roughness of the original skeleton
line, the proposed radial lines are distributed unevenly. To
improve the situation, a B-Spline is used to smooth the
skeleton line, and the LRDE are recalculated for uniform
distribution over all areas of the surfaces of S and G.

B. Framework of RDBV

Points along the skeleton are numbered in order as ¢y, ¢y,
Cy ...cn.1, Where N is the number of points. Furthermore,
radial lines emitted from the point c; are denoted R;;, Ry,
R ...... Riv, where M is the number of radii emitted from
¢;, and the intersection points on the surfaces S and G are

presented as qio, qir, qiz ------ qix and Pio, Pits Piz +----- Pim,
respectively. Thus, we give the formal definition of LRDE:

d;=c¢q;—cp;  (0<i<N0<j<M) (D

Furthermore, the intermediate variable fj; is defined as
below:
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(a) (b)
Fig.3. Two typical segmentation results. In both (a) and (b), the
black real lines stand for the contours of “gold stand”, while the red
dashed lines denote the ones of the segmented results.

1= (0<i<N-1,0<j<M-1) 2

¢ipij

fj reflects the fractional under-segmentation or over-
segmentation along the direction of R;. We place fj; in one
of three categories:

B 0<fij<=1/k: Local segmentation is considered accurate;
B 1/k<f;j<2/k: Local segmentation is acceptable;
B 2/k <=fj: Local segmentation is unacceptable.

Based on statistic and the experienced radiologists’
advices, £;;<=0.05 is considered to present an accurate local
segmentation, leading to the selection of a value of 20 for k
as a constant defining an acceptable segmentation.
Furthermore, we introduce the concept of Global Accuracy
(GA) to reflect the accuracy of the global segmentation:

i,j=0

-1
N-1,M-1
GA:NM{ ZL,.J} (O0<i<N-10<j<mM-1) )

Where, the target function L;; is defined as:
_ j;/k . .
Lif—/I (0<i<N-1,0<;<M -] @)

And, 1 =1.54

We will discuss this target function and its coefficient
A in the following section.

Since fj<=1/k is considered as an accurate segmentation,
we can define G4, , the threshold value of GA, as:

N-LM-1 1 !
GA=NM| /fk} =0.650<i<N-10<;<M-1) 5)
i,j=0

So, GA>=GA=0.65 is considered to be a good
segmentation when using the RDBV method.

o
T T ™
~

L7
Fig. 4. Target Function L (k=20). It is designed to penalize the
significant inaccuracy in RDBV. The dashed line t has a unit slope.

Rofate | foom | Pon | Sice |Winies 03000
Fig. 5. The platform of the dynamic heart model; (a) A snapshot of
the Ul of the “Beating-Heart” software; (b) shows the heart
endoscope integrated in the platform.

IV. TARGET FUNCTION

As shown in Fig.3, two different segmentation results
are depicted. Although they result in almost same average
distance error, the result shown in Fig.3 (a) is considered
much better than that in (b). In another words, the result
shown in Fig.3 (b) has significant local error that always
reflects some import information, even though it is accurate
in many other arecas. However, many existing validation
methods cannot distinguish between these two situations. In
this paper, we propose GA as a novel criterion to accurately
measure them.

In order to overcome the shortcoming described above,

in GA we design a target function L, = A" to penalize

the significant local inaccuracy. Meanwhile, the conditions
that target function should satisfy:

dL,; 2
<l, 0< G <
d(f;k) k
L, 5 ©6)
=1, f,== (0<i<N-10<j<M-1)
d(f;k) k
dL,
—>1, f, 52
d(f;k) Yk
From 4L, — 1, f, = 2, we get an equation in 4 :
d(fk) "
InAxa?=1 @)

Fig. 6. Examples of segmentation results of hearts throughout the cardiac
cycle.
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Fig. 7. Segmentation results of the FM (a), MR(b), Proposed Multi-
stage Method (c) and Watershed (d) on hearts.

Solving (7) yields: 1 =1.54 .
The characterization of this target function is described
below:

B Jlocal segmentation is regarded as accurate or
acceptable. This corresponds to the target function L
being nearly flat (as shown as the real curve in Fig.4.).

B Local segmentation is regarded as unacceptable. The
target function changes quickly with the increase of the
combined variable cjjk (as shown as the dotted curve in
Fig.4.), penalizing the inaccuracy in the unacceptable
region.

V. EXPERIMENTS

In order to construct the dynamic heat modeling, we
developed the “Beating-Heart” software environment, which
is based on VTK and Python language, shown in Fig 5. This
environment also performs the segmentation and validation
running on a Pentium IV 2.0 GHz CPU desktop computer
with MS-windows XP operation system.

In our experiment, 3 series of CT canine heart volumes
(512x512x87) were tested. The “ground truth” of each real
clinical dataset was manually defined by an expert
radiologist. Examples of segmented results using the
proposed approach are shown in Fig.6.

In addition, The FM, MR, Watershed and the proposed
multistage method are compared and evaluated with respect
to both accuracy and efficiency using the RDBV metric.
Fig.7., Table 1 and 2 reveal that the proposed multistage
segmentation is superior to the other algorithms on the heart.

VI. CONCLUSION

In this paper, we presented a new multistage
segmentation method on the heart. This method integrates
both the advantages of FM and MR, and it is considered
effective and accurate. Meanwhile, the RDBV method is
proposed to offer an improved measure of the segmentation
results using both local and global information.

As the future work, we will apply the proposed
segmentation method and RDBV to more clinical

application.
TABLE!
AVERAGE GLOBAL ACCURACY (GA) MEASURE OF FM, MR, PROPOSED
MULTISTAGE METHOD (PMM) AND WATERSHED (WA) ON EACH DATASET OF

HEATS
Datasets FM MR PMM WA
Datasetl 0.661 0.775 0.775 0.918
Dataset2 0.694 0.788 0.786 0.968
Dataset3 0.674 0.781 0.787 0.942
Average 0.677 0.781 0.783 0.943

TABLE2
AVERAGE COMPUTING TIME IN SECONDS OF FM, MR, PROPOSED MULTISTAGE
METHOD (PMM) AND WATERSHED (WA) ON EACH DATASET OF HEATS

Datasets FM MR PMM WA
Dataset1 66.9 442.1 120.8 562.6
Dataset2 68.7 450.6 116.6 549.3
Dataset3 67.4 466.2 137.0 558.7
ACKNOWLEDGMENT

The authors would thank to Shengcai Peng, Guangxiang
Jiang for their great help in watershed segmentation and
distance mapping method. We are also grateful to thank Dr.
Shixin Chang, director of the radiology department of
Shanghai Oriental Hospital, for his assistance in providing
testing data and clinical advices. Besides, Shaoting Zhang
and Pengfei Huang provide their advices in the research.
This work is partially supported by NDI and the Shanghai
municipal research fund.

REFERENCES

[1] L. Gu, “Dynamic Heart Modeling Based on a Hybrid 3D
Segmentation Approach”, Lecture Note and Computer Science
(LNCS) 3150, Medical Imaging and Augmented Reality, pp.237-
244, 2004.

[2] M. Kass, A. Witkin, and D. Terzopolous, “Snake: Active
Contour Models.” Int. J. Compt. Vision, Vol.l pp.321-331,
1988

[3] S. Osher, J.A. Sethian, “Fronts Propagating with Curvature
Dependent Speed: Algorithms Based on Hamilton-Jacobi
Formulation”, J. of Comput. Phys., vol. 79, pp. 12-49, 1988.

[4] L. Vincent, P. Soille, “Watersheds in Digital Spaces: An
Efficient Algorithm Based on Immersion Simulations”, IEEE
Trans. Pattern Anal. Machine Intell., Vol.13-6, pp.583-598, 1991.

[5] L. Gu, T. Kaneko, “Extraction of Organs Using Three-
Dimensional Mathematical Morphology”, Systems and
Computers in Japan, Vol.31-7, pp.29-37, 2000.

[6] M.R. Kaus, J.V. Berg, W. Nissen and V. Pekar, “Automated
Segmentation of the Left Ventricle in Cardiac MRI”, MICCAI
2003, LNCS 2878, pp. 432-439, 2003

[7] S.C. Mitchell, B.P.F. Lelieveldt, R.J. van der Geest, H.G. Bosch,
J.H.C. Reiber, and M. Sonka, “Multistage hybrid active
appearance model matching: Segmentation of left and right
ventriclesin cardiac MR Images”. IEEE Trans. Med. Imag., 20(5):
pp. 415-423,2001

[8] A.P. Zijdenbos, B.M. Dawant, R.A. Margolin, A.C. Palmer,
“Morphometric Analysis of White Matter Lesions in MR Images:
Method and Validation”, IEEE Trans. Med. Imag., vol.13,
pp.716-724,1994.

[9] D.L. Collins, A.C Evans, C. Holms, “ Automatic 3D
segmentation of neuro-anatomical structures from MRI. Inform”,
Proc. Med. Imag., De Berder, France, pp.139-152, June 1995.

[10] J.A. Sethian., “Level Set Methods and Fast Martching Methods”,
Cambridge University Press, 1999.

[11] J. Latombe, “Robot Motion Planning”, Norwell, MA: Kluwer,
1991

6463




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


